The formation of massive stars exceeding 10 M usually results in large-scale molecular outflows. Numerical simulations, including ionization, of the formation of such stars show evidence for ionizationdriven molecular outflows. We here examine whether the outflows seen in these models reproduce the observations. We compute synthetic ALMA and CARMA maps of CO emission lines of the outflows, and compare their signatures to existing single-dish and interferometric data. We find that the ionization-driven models can only reproduce weak outflows around high-mass star-forming regions. We argue that expanding H ii regions probably do not represent the dominant mechanism for driving observed outflows. We suggest instead that observed outflows are driven by the collective action of the outflows from the many lower-mass stars that inevitably form around young massive stars in a cluster.
INTRODUCTION
Jets and outflows always accompany the star formation process, both in the low-mass and in the high-mass regime (Cabrit & André 1991; Bachiller 1996; Reipurth & Bally 2001; Shepherd 2005; Beuther & Shepherd 2005; Arce et al. 2007; Bally et al. 2007; Bally 2007 Bally , 2008 . Though outflows from low-mass stars are in general understood as resulting from magnetically-driven disk winds during the accretion process, the formation of high-mass outflows from ionizing stars with masses in excess of 10 M is less understood, as we argue in the next Section, both from the observational (Section 2.1) as well as the theoretical (Section 2.2) point of view.
The recent finding by Peters et al. (2010a) that ionization feedback from massive protostars can drive bipolar molecular outflows has suggested that these could explain the observations of high-mass outflows. In the present paper, we compare the morphology of these molecular outflows with synthetic CO J = 2 − 1 observations (Section 3). We demonstrate that the synthetic observations fail to consistently reproduce observations of molecular outflows in Section 4. In Section 5, we discuss the implications and limitations of this result, and speculate on the actual origin of the observed outflows.
Bipolar outflows from high-mass stars are, in many ways, scaled-up versions of their lower-mass counterparts. They do, however, carry significantly more momentum (e.g. Beuther et al. 2002; Wu et al. 2004) , and are often less collimated (e.g. Beuther & Shepherd 2005) .
Outflows are launched from accretion disks around young stellar objects (e.g. Ray et al. 2007 ). Disk-like structures have recently also been found around highmass protostars (Chini et al. 2004 (Chini et al. , 2006 Beltrán et al. 2004 Beltrán et al. , 2006 Jiang et al. 2008; Davies et al. 2010; Zapata et al. 2010; Motogi et al. 2011) , and even in situations where disks cannot be resolved, rotation of the molecular (Howard et al. 1997; Zhang et al. 1998; Klaassen et al. 2009; Galván-Madrid et al. 2009; Beltrán et al. 2011; Furuya et al. 2008 Furuya et al. , 2011 and ionized (Garay et al. 1986; Sewi lo et al. 2008; Keto & Klaassen 2008 ) gas can still be detected. In many of these regions, bipolar molecular outflows originating from the center of rotation and oriented perpendicular to the rotation have been detected as well, suggesting a causal connection between rotation and outflow.
If high-mass outflows were driven magnetically like their lower-mass analogs, then one would expect a corresponding magnetic field structure along the outflow. Indeed, recent observations suggest a correlation between magnetic field orientation and the presence of outflows from high-mass sources (Girart et al. 2009; Tang et al. 2009a Tang et al. ,b, 2010 Vlemmings et al. 2010; Beuther et al. 2010; Surcis et al. 2011) . However, whether these maser and dust polarization measurements indicate that the outflows organize the magnetic field or the magnetic field collimates the outflows is less clear.
The momentum and energy imparted to molecular outflows by high-mass protostars scales with the luminosity of the powering source (Richer et al. 2000; Beuther et al. 2002; Arce et al. 2007; López-Sepulcre et al. 2009 ). Once the high-mass protostar becomes luminous enough to ionize its surroundings, the interaction between outflow and H ii region further complicates the picture. Observations suggest that the outflows originate within the ionized gas (De Pree et al. 1994; Galván-Madrid et al. 2009, Klaassen et al. in prep.) , and that they can continue into a molecular outflow beyond the ionization bound-ary (e.g. K3-50A; De Pree et al. 1994 and Howard et al. 1997) .
In order to make statistical arguments about the nature of outflows from protostars of at least intermediate mass, we rely on single dish surveys to characterize their properties. Shepherd & Churchwell (1996) looked at ten sources with bolometric luminosities exceeding 10 2 L and only found 5 bipolar outflows at a resolution of 60 , noting that for the other sources, two had multiple velocity components, and the other three had signal to noise ratios too low to draw conclusions from. López-Sepulcre et al. (2009) , at a spatial resolution of 11 , looked at higher luminosity sources (L BOL > 2×10 4 L ) and found outflows for each of the nine sources they mapped, and strong line wings in the other two sources. Most of these last sources are associated with H ii regions. Qin et al. (2008) studied the gas motions from 15 high-mass star forming regions with ultracompact H ii regions and found evidence for outflows towards 10 of them. However, at a spatial resolution > 1 , this detection fraction should be used as a lower limit. The five sources without outflows were amongst the nearest sources in their survey, suggesting that distance did not play a role in the nondetections. In each of these studies, outflow masses range from 3 to 10 3 M , and their energies are of the order 10 46 erg or greater.
With interferometers one gains a better understanding of which source is responsible for the large-scale outflows seen in the single dish surveys. With current instruments we are limited in the number of sources for which detailed analyses can be performed. Nonetheless, in-depth observations have been made by many groups in an attempt to better understand the powering sources and their relationships with their environments. Generally, these high resolution ( 1 ) studies show that the outflow originates at the brightest continuum object in the field. These sources include: G29.96 (Beltrán et al. 2011) , G24.78A (Furuya et al. 2002) , W51e2 (Keto & Klaassen 2008; Shi et al. 2010) , G5.89 (Acord et al. 1997; Watson et al. 2007; Hunter et al. 2008) , NGC 7538 IRS 1 and G28.2 (Klaassen et al. 2011 ), G31.41 (Olmi et al. 1996a , G75.78 and G75.77 (Riffel & Lüdke 2010) .
In many of these sources, rotation of the warm gas surrounding the H ii region has also been detected perpendicular to the outflow direction (see Beltrán et al. 2006 Beltrán et al. , 2011 Klaassen et al. 2009; Olmi et al. 1996b,a, etc.) . Keto & Klaassen (2008) and Klaassen et al. (2011) showed that molecular outflows appear at the edges of the H ii regions already at high velocities, suggesting these outflows are powered from within the H ii region. In fact, the radio recombination line study of De Pree et al. (1994) displayed velocity shifts in this ionized gas tracer from K3-50A, suggesting an ionized outflow. The molecular observations of Howard et al. (1997) are consistent with this outflow penetrating the ionization boundary and continuing as a molecular outflow. Observations of ionized outflow lobes have also been reported for G48.75 (Johnston et al. 2009 ). Furthermore, Cesaroni et al. (2010) discuss the possibility that the outflow in G31.41 originates from an ionized jet, and Guzmán et al. (2011) suggest that an ionized jet in IRAS 16562-3959 is the energy source of a molecular outflow in the same region.
Possible Outflow Driving Mechanisms
We now consider the problems with existing explanations of outflow driving. Protostellar outflows around low-mass protostars are generally attributed to magnetic fields, either through the launching of disk winds (Blandford & Payne 1982; Pudritz & Norman 1983; Ouyed & Pudritz 1997; Krasnopolsky et al. 1999; Königl & Pudritz 2000; Fendt &Čemeljić 2002; Fendt 2006) , magnetic tower flows (Tomisaka 1998 (Tomisaka , 2002 Lynden-Bell 2003; Machida et al. 2004; Banerjee & Pudritz 2006 , 2007 Seifried et al. 2012) or through the interaction between the protostellar magnetosphere and the disk field Shu et al. 1994 Shu et al. , 2007 Cai et al. 2008; Lovelace et al. 1999; Romanova et al. 2009 ). Recently, the applicability of these driving mechanisms in the high-mass regime has been questioned ) on the grounds that severe gravitational instability in the accretion flow surrounding the massive star destroys the coherent rotational motion in the disk plane that is required for all these models to work, and the ionization feedback disrupts the magnetic field structure. The statistical distribution of orbital separations with a peak at a semimajor axis of ∼ 0.15 AU found by Kobulnicky & Fryer (2007) in the massive binary data of Garmany et al. (1980) suggests that the inner disk region is gravitationally unstable as well, making magnetic jet launching very difficult. Furthermore, magnetically driven jets around low-mass stars may be collimated at the disk-magnetosphere boundary (Lii et al. 2012) , and massive stars are known to have relatively weak magnetospheres compared to low-mass stars (e.g. Owocki 2009 ). To fully model this process we need to resolve the inner disk region (radii less than 1 AU) where magnetic launching is expected. This will require high-resolution radiation-magnetohydrodynamical calculations that connect the larger-scale gravitationally unstable accretion flow (radii of several thousand AU) to the inner disk region. Vaidya et al. (2009 Vaidya et al. ( , 2011 tried to fill this gap in twodimensional calculations that include both ideal magnetohydrodynamics as well as the effects of radiative pressure in the line-driving approximation. They find that initially well collimated outflows can widen up as the central star grows in mass and its luminosity increases. This could explain the observational proposal that more evolved outflows around massive stars have larger opening angles than very young ones (Beuther & Shepherd 2005) . Because of the restricted geometry in the Vaidya et al. work, however, these studies cannot consider the effects of disk fragmentation, so further analysis is required. A more consistent treatment of the complex interplay between the fragmentation behavior of the inner disk, magnetic fields, and radiative processes has been presented by Commerçon et al. (2011) . Their three-dimensional radiation-magnetohydrodynamics calculations indicate that magnetic braking efficiently removes angular momentum from the disk, leading to high accretion rates and luminosities. This heats the disk and reduces the degree of fragmentation at small radii. Because these calculations are prohibitively expensive, they could not follow the evolution into the realm of massive stars where ionizing radiation becomes important. This regime has been covered by Peters et al. (2011) with somewhat lower resolution. They find that magnetic fields cannot completely suppress fragmentation at large disk radii (see also Hennebelle et al. 2011) .
Additional evidence against magnetic driving mechanisms comes from the notable lack of observations of extremely high-velocity jets associated with high-mass outflows. Since magnetically launched jets form deep within the gravitational potential well around the star, and the potential well around high-mass stars is deeper than around low-mass stars, jets would be expected with velocities comparable to those of line-driven stellar winds, exceeding 1000 km s −1 . Instead, the observed structures never propagate faster than jets from low-mass stars. However, even if there were very high-velocity jets, they might be immediately slowed by interaction with the accretion flow, which is expected to be stronger for highmass than for low-mass stars.
Radiation pressure on the accretion flow could also drive outflows. Krumholz et al. (2009) used a gray fluxlimited diffusion method to simulate this effect. They found that the radiation pressure creates bubbles around the massive star that get destroyed by Rayleigh-Tayor instabilities. These radiation bubbles are morphologically dissimilar to molecular outflows. Additionally, by the time the bubbles form, the star would be massive enough to ionize the interior of the bubble, so that the bubble would become an H ii region and not be molecular anymore. Kuiper et al. (2011) , using a frequency-dependent treatment of the direct stellar radiation combined with gray flux-limited diffusion, do not see these RayleighTayor instabilities. As possible reasons for this difference they suggest a better modeling of the first absorption of photons with their numerical scheme, but it could also be that they will see the instability once their bubbles reach the same size as those of Krumholz et al. (2009) or that their density distribution has led to a decelerating, thus stable, bubble. A more recent study (Kuiper et al. 2012) , in which both the frequency-dependent treatment and gray flux-limited diffusion are applied to the same initial conditions, seems to confirm that the instability is an artifact caused by the gray approximation of the direct stellar radiation. In any case, ionization would also fill the stable radiation-driven bubbles of Kuiper et al. (2011 Kuiper et al. ( , 2012 ) with ionized gas, so that stable radiation pressure-driven outflows cannot account for the observed high-mass molecular outflows either.
Another source of momentum is line-driven winds of high-mass stars (e.g. Castor et al. 1975) . Indeed, some of the observations show high-mass outflows that are poorly collimated and seem to be consistent with being windblown bubbles (e.g. Shepherd 2005; Beuther & Shepherd 2005) . However, typical massive outflows have momentum fluxes that are two orders of magnitude higher than those produced by stellar winds (e.g. Richer et al. 2000) . Hence, stellar winds cannot be the primary drivers of high-mass outflows already for reasons of momentum conservation, and they are certainly not responsible for the more collimated outflows found in earlier phases of high-mass star formation (e.g. Beuther et al. 2002) .
Recently, Peters et al. (2010a) have shown that ionization feedback can drive bipolar molecular outflows. Contrary to classical understanding of H ii region growth, these simulations show that the H ii regions around massive protostars do not expand monotonically as long as the high-mass star is still embedded in an accretion flow. Instead, the H ii region flickers whenever the ionizing radiation gets shielded by dense filaments formed in the gravitationally unstable accretion flow (Galván-Madrid et al. 2011 ). This rapid fluctuation of the thermal gas pressure drives bipolar molecular outflows parallel to the net angular momentum vector: the pressure increase during the ionization process drives the material away from the density enhancement in the plane of rotation, and the subsequent recombination lets the blown-out material become a molecular outflow.
SYNTHETIC ALMA OBSERVATIONS
We use synthetic ALMA observations of CO to characterize the ionization-driven outflows found by Peters et al. (2010a) . We describe the input models (Section 3.1) and the CO emission maps (Section 3.2).
Input Models
The simulations use an extended version of the adaptive-mesh numerical hydrodynamics code FLASH (Fryxell et al. 2000) with sink particles (Federrath et al. 2010) to follow the collapse beyond the formation of the first objects, allowing us to describe the early evolution of the disk that builds up, and our improved hybrid characteristics raytracing method (Rijkhorst et al. 2006; Peters et al. 2010a ) that propagates the ionizing and nonionizing radiation on the grid. We refer to Peters et al. (2010a) for details on the numerical algorithm and initial conditions. A thorough description of the spatial and temporal H ii region evolution in these simulations can be found in Peters et al. (2010a) , Peters et al. (2010c) and Galván-Madrid et al. (2011) .
We analyze two simulations. Both simulations start from a 1000 M , spherical molecular cloud of diameter 3.2 pc. The cloud is initially in solid body rotation with angular velocity ω = 1.5 × 10 −14 s −1 . During the collapse of this massive core, a rotationally flattened structure forms that quickly becomes gravitationally unstable and fragments. In one simulation (Run B), we form a full stellar cluster in this rotating accretion flow, including radiative feedback by both ionizing and non-ionizing radiation. In another simulation (Run A), also including radiation feedback, we artificially prevent the formation of all stars after the first one and run the simulation with a single star only. In Run B, three massive stars with masses around 20 M form, each creating an H ii region around itself, along with numerous lower mass stars. In contrast, the star in Run A reaches more than 70 M . A thorough discussion of the effects of radiative feedback and the suppression of fragmentation can be found in Peters et al. (2010a,b) .
The massive stars in both simulations drive bipolar outflows with their ionization feedback. The basic mechanism, as already mentioned in Section 2.2, is the repeated shielding of the ionizing radiation by dense streams of gas in the accretion flow around the massive star. The ionizing radiation accelerates the molecular gas around the H ii region down the steepest density gradient, perpendicular to the rotational flattening. When the ionizing radiation gets shielded by the filamentary accretion flow, the ionized gas can recombine on timescales as short as ∼ 100 yr, and then the outflow becomes molecular, given that the formation timescale of molecular hy-drogen in these dense outflows is less than a year (Hollenbach et al. 1971) . The molecular outflow continues to expand by momentum conservation. Since the outflow is not driven anymore without the thermal pressure of the ionized gas, the outflow can escape from the gravitational potential well of the stellar cluster only if its initial velocity permits. After the loss of thermal support, the outflow decelerates and eventually falls back onto the rotationally flattened structure by its gravitational attraction. The online material of Peters et al. (2010a) contains movies of density slices showing this process for both runs.
Generally, the outflows in Run A are much more powerful than the outflows in Run B. The reasons are the stronger accretion flow in which the massive star is embedded and the larger ionizing luminosity. Though Run A is not a realistic model of massive star formation globally, the driving of the molecular outflow by the interaction of the ionizing radiation with the accretion flow is modeled correctly. These stronger accretion flows could be realized in simulations with multiple stars by, for example, starting from a more massive core, using a more centrally concentrated density profile (e.g. Girichidis et al. 2012) , or reducing the initial rotational motion of the core (e.g. Seifried et al. 2011) .
The online material for this article contains animations of the ionization-driven outflows for both simulations. The videos show volume renderings of gas density (left) and thermal pressure (right). The direct comparison of the two images allows the identification of the H ii regions and illustrates how the thermal pressure of the ionized gas drives the molecular fountains. For comparison, we also show an animation of a third simulation, Run E (see Peters et al. 2011) , in which an additional large-scale outflow is driven by magnetic fields and interferes with the ionization-driven outflows. Though the interplay between the different types of outflows is highly complex, the morphological differences between the magneticallydriven outflows and the ionization-driven outflows becomes very clear.
CO Emission Maps
We have previously used the three-dimensional adaptive-mesh radiative transfer code RADMC-3D 8 to generate maps of free-free and dust emission from our simulation data (Peters et al. 2010c ). Here we use the capability of RADMC-3D to model molecular line emission (e.g. Shetty et al. 2011) . In order to trace the bulk dynamics of the gas, we have chosen to model the CO J = 2 − 1 transition at 230.538 GHz. We have simulated observing the outflows at a distance of 1.3 kpc, the same distance as G5.89-0.39 (Motogi et al. 2011 ). This source is believed to be powered by a 25 M star, and is so directly comparable with one of the stars in Run B.
CO is an excellent tracer of the bulk gas dynamcis in star-forming regions because of its relatively low critical density, and relatively high abundance (10 −4 with respect to molecular hydrogen, Wilson & Rood 1994) . It is the most abundant molecule after H 2 and is therefore a good tracer of large-scale structures. Its low critical density means that it is detected even in the tenuous high-velocity gas in outflows. SiO, another excellent outflow tracer, was not used because it emits on much smaller scales and its emission is directly tied to the type of shocks produced in the outflow (i.e. Si is liberated from dust grains by sputtering during the extended passage through C-shocks mediated by ion-neutral drag, but not by classical J-shocks (Schilke et al. 1997; Gusdorf et al. 2008; Guillet et al. 2011) ).
For simplicity, we assume local thermodynamic equilibrium (LTE) conditions. We use the CO Einstein coefficients from the Leiden Atomic and Molecular Database (Schöier et al. 2005) . These 3D data cubes were then converted into skymaps, and observations with ALMA were simulated using the "simobserve" and "simanalyze" tasks in CASA 3.4 (McMullin et al. 2007 ). The native resolution of the original datacube was 49 AU. Assuming the source was at the distance of 1.3 kpc, this gives a native resolution of 0.038". This is much higher than the final resolution achieved in our ALMA simulations. We simulated observing with ALMA in a moderately high resolution mode ("alma.out10.cfg"), achieving a resolution of 0.5" at 230 GHz with a channel spacing of 1 km s −1 . The rms sensitivity for the ALMA observations should be 1.2 mJy/beam for a 0.5" beam. Noise was added in the UV plane to simulate 4 th quartile observing conditions. We also simulated observing with CARMA in its C configuration. This resulted in a final image resolution of 1.3"×1.0". The CASA simulator assumed a system temperature of 200 K for the CARMA observations. For all simulations, we assumed a total integration time of four hours. For the ALMA mosaic, we required six pointings, and with CARMA, two.
Cleaning was done non-interactively using natural weighting and a 3 σ cutoff. Zeroth and first moment maps were created using line wing emission, excluding emission from within 3 km s −1 of the source rest velocity. The zeroth moment (integrated intensity) maps were used to compute the column density following the procedure described in Klaassen et al. (2011) , assuming a temperature of T = 100 K. Because the size of the emitting region can be determined from the images, the number of molecules was calculated from the column density assuming a CO abundance of 10 −4 with respect to H 2 . From this, the gas mass was determined (see the first column of Table 1 ). From the first moment (intensity weighted velocity) maps, characteristic velocities of the outflowing gas were derived. These values are presented in the second column of Table 1. The uncertainties in Table 1 reflect the noise output from the ALMA observation simulator which were propagated (in quadrature) through the equations used to derive the outflow properties.
Outflow momentum was calculated from P = mv, and energy from E = 0.5mv 2 . Outflow luminosities and mass loss rates were determined by dividing the outflow energies and masses by the kinematic age of the outflows (400 yr). More details on this type of calculation can be found in Klaassen et al. (2011) . For each of our modelled outflows, we find that many outflow properties as measured by ALMA are about a factor of two higher than those observed with CARMA. Figures 1 and 2 show three color images of the CO emission for snapshots of Run A and Run B as would be Note. -The table shows the mass M , velocity V , momentum P , kinetic energy E, mechanical luminosity L, mass-loss rateṀ , and size R of the observed outflows for two snapshots in Run A and Run B. The kinematic age of all outflows is 400 yr.
observed with CARMA and ALMA, respectively, after being processed through CASA. The images were observed at an inclination of 30
• with respect to the disk normal direction, which is a typical orientation (Cabrit & Bertout 1986) . The zeroth moment maps of the blue and red shifted emission were cut at 3 σ for this plot (as shown in blue and red, respectively). The white areas correspond to the brightest regions in the map, the position of the high-mass protostar. The two outflows visible in the map for Run B are driven by two separated massive stars, one of which still has a small H ii region (right), while the H ii region around the other star has totally recombined (left). As the stars move through the flattened structure, their ionizing radiation continuously drives material out perpendicular to it, but after the star has moved and the gas has recombined, the gas falls back. This process creates a large-scale molecular fountain, but its velocity is smaller than our low-velocity cut-off, and the interferometer additionally filters out some of its large-scale structure. Hence, the map only shows the smaller, more powerful outflows that are currently driven by the ionization feedback from the massive stars, and not the large-scale bubble that is also present.
DISCUSSION

Comparison to exact solution
We can calculate the mass, momentum and kinetic energy in the outflows exactly. To this end, we use RADMC-3D to sum over the mass, momentum and energy in zones with velocity high enough to be contained in the outflow as viewed along the line of sight of the simulated observation. We only take cells with 3 km/s ≤ v ≤ 7 km/s into account, which corresponds to the selection criterion used with the synthetic maps. The results of these direct measurements are listed in Table 2 . The directly measured values are comparable with the numbers inferred from the synthetic observations, but generally higher. The reason could be that the synthetic observations do not recover all the flux from the outflows.
The morphology of the outflow for Run A as pictured in Figure 2 suggest that the outflow is pointing mostly along the line of sight to the observer, which can be confirmed by examining the raw simulation data. This finding is also supported by the intensity-weighted velocities (characteristic velocities, listed in Table 1 ) of the gas in this outflow, which are slightly higher than those for the outflows in Run B. The morphology of the two outflows in the figure for Run B (along with their lower characteristic velocities) suggest they are more likely oriented closer to the plane of the sky, which is again confirmed by the raw data. However, the ionizing luminosity that powered these outflows before the H ii region recombined is also vastly different: the star in Run A has 57 M , while the two massive stars in Run B have masses around 20 M each. Our analysis shows that the flickering of the ionization feedback can produce molecular outflows that are morphologically similar to but smaller than the observed ones. They appear to be very young compared to the age of the star because they are not driven continuously. Because of their short kinematic age, the momentum, energy and luminosity of the outflows are relatively small compared to observed outflows around high-mass stars. We predict that these small, high-momentum, but lowvelocity outflows will be found by upcoming ALMA observations that probe the driving sources of high-mass outflows, if they can be disentangled from the larger highvelocity outflows.
Comparison to observations
The outflows in Figure 2 are smaller than those generally seen in high-mass star forming regions. However their kinematic ages (∼ 400 yr) suggest they are also much younger than those which have been observed to date. These two properties are presumably correlated. Although the calculated outflow masses and kinematic properties (momentum, energy and mechanical luminosity) are consistent with the range of these properties found for high-mass star-forming regions (e.g. Wu et al. 2004) , they are located near their lower boundaries.
We find the outflow velocities in the simulations to Run B (Right) Fig. 1 .-Three color images of synthetic CARMA observations of snapshots from Run A and Run B processed with CASA. The resolution of these observations is 1.3" × 1.0", and the two point mosaic was simulated to have been observed for four hours on source. Noise was added in the UV plane to simulate a system temperature of 200 K, and the source was assumed to be at the distance of G5.89 (1.3 kpc). Run B (Right) Fig. 2. -Three color images of synthetic ALMA observations of snapshots from Run A and Run B processed with CASA. The resolution of these observations is 0.5 , and the six point mosaic was simulated to have been observed for four hours on source. Noise was added in the UV plane to simulate fourth quartile observing conditions, and the source was assumed to be at the distance of G5.89 (1.3 kpc).
be an order of magnitude smaller than those in G5.89 even though previous observations of this source (e.g. Puga et al. 2006; Su et al. 2012) were at similar angular resolutions.
The simulated mass infall rates are high compared to observations if we assume all of the infalling mass makes it onto the central forming star (Ṁ in ∼ 10
suggests a 10 M star forms in 10 4 yr), however much of the infalling material will not be accreted by the central star(s). Instead, secondary stars form in the gravitationally unstable accretion flow around the massive star and intercept gas that would otherwise fall inwards in a process called fragmentation-induced starvation (Peters et al. 2010a,b; Girichidis et al. 2012 ).
CONCLUSIONS
Our results show that ionization feedback is able to drive molecular outflows around high-mass stars that have properties consistent with some observed ones. However, the measured properties are rather on the lower boundary of the typical values of high-mass outflows, which makes it unlikely that ionization feedback is the main driver of high-mass outflows. Additional feedback mechanisms like radiation pressure and stellar winds or Note. -Outflow mass M , momentum P and kinetic energy E as directly measured from the simulation data. magnetic fields might help, but as discussed in the Introduction, there is no strong evidence that this is indeed the case.
We note, however, that lower-mass companions naturally form with high-mass stars in their gravitationally unstable accretion flow (Peters et al. 2010a (Peters et al. ,b, 2011 Girichidis et al. 2012) , in agreement with the observation that massive stars are typically found as members of higher-order multiple stellar systems and clusters (Ho We tested whether the low-and intermediate-mass companions in the accretion flow around the massive stars in our simulations at least in principle are able to reproduce the characteristics of high-mass outflows with a simple model. We assume that a factor of f = 0.1 of the accreted material onto the stars is ejected again as an outflow with an initial velocity of v wind = 150 km s −1 (e.g. Bontemps et al. 1996) . The momentum injected into the surrounding gas by a single star per unit time is theṅ P = f v wind M acc for an accretion rate M acc . Figure 3 shows the integrated total momentum P as function of time for all stars in the cluster.
The figure shows that even with conservative assumptions the low-and intermediate-mass stars alone can easily produce outflow momenta in the regime of observed high-mass outflows. Their contribution is orders of magnitude larger than the momentum in the ionizationdriven outflows.
Further simulations that simultaneously include ionization feedback from massive stars as well as the mechanical feedback from their low-and intermediate-mass companions are required to thoroughly test this proposal.
